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The average radiological scores based on 11 independent readings for the films showing simple pneumoconiosis only were related, by multiple regression, to the coal, mineral, quartz, and iron contents of the lungs. Three subgroups were found which showed differing relations. Films of poor technique tended to be read in the middle categories whatever the content of the lungs. The lungs of Scottish miners all contained soot, from working in naked light pits, and their radiological scores were much higher than expected from the lung dust contents. The few films showing nodular sized small opacities were also over-read, suggesting that nodularity may be some response to dust other than simple accumulation. There were 98 subjects in the resulting homogeneous group of cases with simple pneumoconiosis only. On a revised scale to correct for slight non-linearity, the regression coefficients of radiological score on the total mineral and coal contents of the lung were in the ratio of 3*8 to 1. The iron content did not add much to this regression relation even though by itself it correlated well with the amount of simple pneumoconiosis. Probably most of the variation of radiological appearance with iron reflects variation with coal and mineral. The mineral and quartz contents were highly correlated (r = 0-96), but relations including quartz were not as close fitting as those including mineral. There was a small, but significant, residual relation of radiological score to years in coalmining.
The background categories of simple pneumoconiosis in the 76 radiographs showing some evidence of progressive massive fibrosis were generally read higher than expected from the relation to dust content derived from the simple pneumoconiosis cases only. This was most true for those showing most evidence of progressive massive fibrosis. Rivers and his colleagues (1960) , on the original series of 45 coalworkers' lungs, showed that the mineral content of the lung contributed nine times as much as the coal content to the radiological appearance. When Rossiter and his colleagues (1967) extended this work to 88 cases the ratio of the contributions by the mineral and coal contents was reduced to 3:1. It was suggested that the discrepancy could be caused by the differing sources of cases as the original series was almost entirely from South Wales whereas Rossiter et al. included cases from other coalfields.
The other major difference was that the iron contents of the lungs were not available for all the series of Rivers and others, and Rossiter and his colleagues showed that there was also a marked relation of the iron content to the radiological appearance.
More recently, Vyskocil, Tuma, and Macek (1970) have related silica content to histological findings in the lungs of coalworkers, and Jacobsen, Rae, Walton, and Rogan (1970) and Reisner (1970) have related radiological findings to dust exposure in working British and German miners. There have also been attempts using phantoms to assess the radiological changes produced by dust, generally showing that the dust could be d_tected directly Gartner and Sommer, 1967; G6bbeler et al., 1968) .
Worth, Muysers, and Einbrodt (1968) and Einbrodt (1965) have shown that the grade of silicosis tends to increase with increasing total dust. Worth and his colleagues also concluded that pneumoconiotic shadows are not caused directly by inhaled dust but by a fibrous tissue reaction.
Rivers and his colleagues (1960) and Rossiter and his colleagues (1967) reported preliminary results on the early parts of the series. This paper is one of the series giving the full analyses on the dust content and composition of coalworkers' lungs (Gilson, Rae, Nagelschmidt, and Rivers, 1971; Casswell, Bergman, and Rossiter, 1971; Bergman and Casswell, 1972; Bentley and Bergman, 1970; Bergman, 1970) .
Material and methods Table 1 lists the 322 coalworkers included in this study by the National Coal Board Division and whether recent chest radiographs were available (309) or not (13).
For these coalworkers industrial histories and chest radiographs were collected from the Pneumoconiosis Medical Panels and the National Coal Board. The coal content was assessed by the methods of King and Gilchrist (1945) or Bergman (1966) ; the mineral matter by the method of King and his colleagues (1956) ; the quartz content by the method of Gordon and Harris (1956) ; and the iron content by a method adapted from that of Cullen (1962) . All the analytical determinations were carried out at the Safety in Mines Research Establishment, Sheffield. Pathological assessments of 'palpable nodules' were made by Dr. D. Rivers. Full details of the sources of the material and the methods will be published by Gilson and his colleagues (in preparation).
The problem Rivers and his colleagues (1960) commented that 'the method of obtaining the adjusted radiological scale is an unusual one improvised to meet an unusual difficulty. We needed a quantitative analysis without knowing what half of our quantities were, namely those depending on breadths of categories in the (original) radiological scale'. This difficulty still existed, but there was the further uncertainty of not knowing whether subgroups of the series would show differing or anomalous relationships of radiological appearance to dust content.
Assessment of radiological appearance The radiographs were read by nine National Coal Board and two Medical Research Council film readers, each in a different random order. Two reading sessions were arranged with six film readers at each, but one N.C.B. reader was prevented by snow from attending either session.
Simple pneumoconiosis was read according to the N.C.B. elaboration (Liddell and Lindars, 1969) The scoring system developed below is based on this series of 233 coalworkers' films, for each of which all 11 readings of simple pneumoconiosis were available. However, of these 233 coalworkers, the industrial histories or lung analyses were incomplete in 12 cases. All the further statistical analysis of radiological appearance, the industrial histories, and the lung content and composition are based on the 221 coalworkers with all radiological readings and complete industl ial histories and lung analyses.
Derivation of scores for the categories of simple pneumoconiosis Before any estimate may be made of the effect dust in the lungs has on radiological appearance, some means of averaging the x-ray readings is needed. To use an agreed reading has been suggested, but Liddell (1963) and Wise and Oldham (1963a) and x is the radiological continuum taking the values I at the boundary between categories 0 and 1, 2 at the category 1-category 2 boundary, and 3 at the category 2 -category 3 boundary. If this is so, then plotting on probability graph paper the proportions of coalface workers with category 0, category 1 or less, and category 2 or less simple pneumoconiosis against the y scale defined above will give a straight line relation.
In Fig. 1 , these proportions are plotted for each of the 11 readers. It can be seen that each of the lines corresponding to the 11 readers is acceptably straight, allowing for random variation, and the horizontal displacements of these lines show how much bias exists between the readers; for example, when the reader who 'under' read most (the top line) considered a film to be about on the category 0-category 1 boundary, then the reader who 'over' read most would have considered it to be about one-third of the way through category 2. However, these biases tended to be consistent throughout the range of readings as shown by the lines being nearly parallel so that all the readings have been combined.
In Fig. 2 the cumulative distribution for the 11 readers combined is plotted against the y scale. The 0-1, 1-2, and 2-3 category boundaries are shown as the spots which lie remarkably close to a straight line. Using this straight line, the boundaries on the y-scale between the subcategories of the National Coal Board elaboration of the Geneva classification may be determined. For example, 45-9% of all the readings were subcategory 1/1 or less. Tracing the 45 9 % point across to the straight line and then down gives y = 1-62 as the boundary between subcategories 1/1 and 1/2. Table 3 gives these boundaries for each subcategory. The calculations for the derivation of the scores are also given in Table 3 . For example, the boundary between subcategories 1/0 and 1/1 is 1-24, and that between 1/1 and 1/2 is 1-62. Hence the midpoint of subcategory 1/1 is 1-43 and the range is 0 38. The midpoint of subcategory 0/-is taken at the y-value corresponding to 2-8 % (half of 5-6 %) as 5 6 % of all the readings were 0/-, the range is then twice the difference between this midpoint and the value of y at the boundary with 0/0. A similar calculation gives the midpoint and range for subcategory 3/4.
The weighting co-efficients given for each score are inversely proportional to the range, and the average score for any film is the weighted average of the scores individual readings of that film. For example, if there were only two readers, and they read one film as 1/2 and 2/1, then the average score would be 1V78 x 3.125 + 2 04 x 5 000 = 1*94 3<125 + 5000 Thus the average score is the boundary point between these subcategories 1/2 and 2/1. This is true for two readings of any adjacent subcategories and is obviously a necessary property of an acceptable scoring system. This scoring system also gives more weight to a reading of a narrow subcategory. This is appropriate, for such a reading places the radiograph more precisely on the scale of radiological change. Figure 3 shows for the 145 miners with simple pneumoconiosis only how the average values for the coal, total mineral, quartz, and iron contents of the one lung analysed varied with radiological subcategory (based on the readings of both lungs). For each there is a reasonably consistent pattern of increasing content of the lung with increasing subcategory of simple pneumoconiosis.
The patterns for the total mineral and quartz contents are almost indistinguishable, except for scale. This is not unexpected as the correlation between them is 0958. Thus for many analyses quartz and total minerals may be used interchangeably. As shown by Bergman and Casswell (1972) , quartz is not a constant proportion of the mineral dust, the ratio varying with the rank of coal mined, Examination of these patterns in Fig. 3 for coal and total minerals shows a certain interesting interrelation. The two curves both rise gently initially, but when the slope for coal is steeper (between 1/1 and 2/2) that for minerals is virtually zero. Following this, the fall in the averages for coal is accompanied by a rise for minerals between 2/2 and 3/3. Finally, there is a sharp rise for coal and a sharp fall for minerals. Throughout, whenever the slope of the relation between average coal content and subcategory is greater than the initial slope, then that for minerals is less and vice versa. This suggests that some average or combination of the two would relate to category of simple pneumoconiosis much better than either does separately.
Preliminary multiple regression analysis The most useful initial approach to considering the relation between radiological score and the coal, mineral, and iron contents of the lung is the multiple regression approach. The results of this multiple regression for the 145 miners with simple pneumoconiosis, however, show that there are three subgroups for each of which the distribution of radiological scores differs from that for the main group.
Effect of radiographic technique Each of the 11 film readers made a note whenever he considered that the film quality was unsatisfactory. There were 22 films for which over half of the readers considered the film quality to be unsatisfactory, and it is apparent that there is a tendency for the observed radiological scores for these 22 films to lie between 1 and 3, that is, approximately in categories 1 and 2 irrespective of the predicted radiological score. This accords with the finding by Wise and Oldham (1963b) that the extreme categories 0 and 3 were read proportionately more often on acceptable films than on imperfect films in a study on 687 pairs of chest radiographs.
Effect of opacity size Rossiter and his colleagues (1967) showed a relation between size of small opacity and radiological score such that the larger the opacity size the greater was the expected radiological score. In this series, no association between opacity size and radiological score is detectable except for the few films with nodular opacities. There were 11 films for which at least one reader said that the opacities were nodular in size, and for 10 of these 11 the observed radiological score is greater than the predicted, suggesting that either films with the larger opacities are over-read or a nodular pattern is evidence of some response to dust other than simple accumulation.
Not one of these 11 cases had a quartz content of the total lung dust greater than 10%, but they did have a slightly higher average quartz proportion (4 5 %) than did the other 134 subjects (3A4%).
However, the quartz content of the mineral dust was not higher for 10 of these 11 cases than for the other 134 cases. There were also in the full series a further 16 subjects with P.M.F. and a radiograph which at least one reader recorded as showing nodular small opacities. Six of these 16 had quartz contents of the total lung dust between 12% and 15%, and their average quartz proportion was 6-1 %.
Differences between coalfield divisions Although there are not enough miners from some of the English coalfields to show differences between them, there is no evidence of bias, of consistent under-or over-reading, for the subjects who worked in England. Similarly, there is no evidence of bias for the South Wales miners.
However, for Scotland, the observed radiological score was above that predicted for 19 of the 24 subjects. A major difference between these lungs and those from the rest of Britain is that the Scottish lungs all contained soot, and Bentley and Bergman (1970) Figure 4 shows the relation between the observed radiological score and that predicted by this equation. It is apparent that this is not a linear relation, as low observed values tend to be less than predicted whereas the trend is reversed in the middle of the relation.
This raises the problem that the shape of the true response of radiological change to dust is not known. The assumption has been made that the radiological score should be linearly related to the dust contents of the lungs. To satisfy this, the radiological score scale must be transformed.
The observed and predicted radiological scores have been ranked separately, and then the pairs ranked the same have been plotted together in Figure 5 . Thus the lowest point corresponds to the lowest observed radiological score plotted against the lowest predicted radiological score, and so on. An arbitrary smooth curve was drawn through these points and this curve was then used to transform the observed radiological score scale.
The multiple regression relation using this revised radiological score is given by Revised radiological score = -0-8385 + bc x coal + bm x mineral + bi x iron where bc = 0-1178 + 0-0144 bm = 0 4557 + 0 0488 bi = 0-1697 ± 0-4311 The observed revised radiological scores are plotted against those predicted from this equation in Figure 6 . This relation does not show the curvature which occurred using the original radiological score. Repeating the ranking procedure gives a virtually straight line between the ranks, so no further transformation is needed. Table 5 gives the boundaries between the subcategories for the original radiological score scale, the revised boundaries, and the number in each subcategory together with the average values for the coal, mineral, quartz, and iron contents of one lung. (Cartwright, 1965; Burdekin and Dawes, 1958) and hat published by considering the elutriation effect of the lungs, coal ') and from that dust has a surface area per unit weight between 40 % pneumoconiosis. and 80 % larger than that of rock dust. This does L definite relation assume, though, that the particle shapes are the score and iron same and that the biologically active surface area is the same as the actual surface area. (Bentley and Bergman, 1970) . The surface area per unit weight was probably a little larger than that for coal, and the Scottish lungs did have twice as much iron as expected from the overall relation between iron and the coal and mineral contents. This adds a little support to the surface area theory.
It is probable that the significant regression coefficient for iron reported before occurred from the mixing of heterogeneous data. As may be seen from Fig. 7 , the relations between iron and the revised radiological score for the main group and for Scotland are quite different, and this holds even if the outlying Scottish point is excluded. This difference also exists between the partial regression coefficients, after allowing for the coal and mineral The constant term, -0-7981, suggests that one would expect a person with no dust exposure to have a revised radiological score of -07981. The revised radiological score for a film read by all readers as a barndoor normal (subcategory 0/-) would be -0-75, which is remarkably close. The ratio of the regression coefficients for mineral and coal contents is 3-8:1, a little higher than the value of 3-3:1 reported before by Rossiter and his colleagues (1967) , and the 3-3:1 ratio for the x-ray mass absorption coefficients for mineral and coal (S.M.R.E., 1963). However, the 95% fiducial limits for this ratio of the regression coefficients are 3-3:1 and 4-5:1.
Thus, this relation is the simplest expression, in terms of regression, of the relation between radiological score and dust contents of the lungs for simple pneumoconiosis cases only. It is also the best in the sense that identifiable subgroups which show a different relation have been excluded.
The excluded subgroups In Fig. 8 , the observed revised radiological scores for the films with poor technique are plotted against the expected scores based on the above relation. The scatter of the results appears to be rather increased and this is confirmed as the ratio of the variance of the difference between observed and expected for this poor technique group to the variance about the regression line for the main group is 3-5:1 (P < 0 001).
Figures 9 and 10 show the same plots of revised radiological scores against those expected for the Scottish and nodular subgroups. In both cases the radiological scores are considerably higher than expected. For Scotland, particularly for the 16 films with simple pneumoconiosis only, there appears to be a strong linear relation between observed and expected. The actual relation between the revised radiological score and the dust contents shows a small non-significant regression coefficient for iron, but the regression coefficients for coal and mineral contents are twice and three times those for the main group, and the difference between the two regression lines is highly significant (P < 0 001). Relation to other variables There are several other variables which may be related to radiological appearance and so may increase the accuracy of the prediction of the revised radiological score.
To assess this, the values of each variable have been plotted against the corresponding weighted residual differences between the observed scores and those predicted from the relation to coal and mineral contents.
(a) Total years ofexposure These have been plotted against the differences in Figure 11 . There appears to be a slight positive correlation, and an analysis shows that the partial correlation coefficient is 0-22 (P < 005). The inclusion of total years of exposure to the regression equation thus reduces the scatter about the regression line significantly but not materially, as the reduction in the residual variance is only 4-6%. The partial regression coefficient of Table 5 , 0-585 unit is equivalent to the width of subcategory 1/1. Rossiter and his colleagues also found the radiological score to be related to total years of exposure and approximately to the same extent.
(b) Age at death This shows a relation very similar to that of total years of exposure, although the correlation with the residual differences is slightly less at 0-18 (0 1 > P > 0-05). This is not surprising because of the high correlation (0 78) between age at death and years in the industry.
(c) Miners killed in pit accidents This group, similarly, has an average revised radiological score slightly less (-0-13) than that expected fromthe relation to coal and minerals. Those killed in pit accidents died on average 15-6 years younger than the other miners and had worked for 11-7 years less, so that if there is some effect of age or years of exposure per se on radiological score, then the pit accident group would be expected to show a difference as found. probable, and definite P.M.F. groups are 2-7, 4*6, and 5-8 times as large as the residual variance of the simple pneumoconiosis group, and each of these variance ratios is significant at the 0 001 level.
Some of these came fro m Scotland or had nodular films or films of poor technique but this does not affect the conclusions. Each of the three groups can be subdivided by country (England, Wales, Scotland) and by the other two factors, giving 20 such subgroups. Of these 20. the variance is raised significantly in 15 even though the numbers are small in most of the subgroups.
Discussion
The principal analysis suggests that the simple hypothesis that radiological appearance of simple pneumoconiosis is related just to dust accumulation is tenable. The magnitudes of the contributions of the lung coal and mineral contents are compatible with the available information on their x-ray absorption characteristics, although much more work needs to be done, especially if high kilovoltage techniques (Jacobson, Bohlig. and Kiviluoto, 1970) , now often used in Scandinavia and the U.S.A., become common in Britain.
In the previous papers in this series (Rivers et al., 1960; Rossiter et al., 1967) there were not enough cases to be able to make a detailed study of subgroups. The re-analysis with further cases has shown that the material is not homogeneous; the Scottish subjects and those with a nodular pattern of small opacities on the radiographs show peculiar relations between radiological appearance and dust content of the lungs.
The lung iron content is closely related to the coal and mineral contents. However, this relation for Scotland differs from that for the English and Welsh lungs. In particular, the regression coefficients of iron on coal content differ significantly, that for Scotland being 3-4 times as large. Bentley and Bergman (1970) have shown that the dust from these Scottish lungs generally consisted of very fine particles of soot with few or no particles of larger size. The source of this soot was considered to be the naked lights, that is, candles or oil in acetylene lamps that had been in use in Scottish pits where the risk of methane explosion was low.
The evidence from the relation of iron to the coal and mineral contents and the difference found for Scotland is compatible with the hypothesis that the source of the extra iron content of pneumoconiotic lungs is the iron-rich coating of the dust particles described by Collet and his colleagues (1967) which probably arises from phagocytosis. There is certainly a need to explore this inter-relation between iron and dust further.
The small number of films which showed small nodular opacities were read as having markedly higher radiological categories than would have been expected from the corresponding lung dust contents. This suggests that nodular opacities arise from some other cause, perhaps tissue reaction, than the simple dust accumulation mechanism, postulated for radiological appearance.
There is nothing unusual about the South Wales miners' lungs, except that they contain more coal and less mineral dust. This is as expected from a knowledge of the nature of the airborne dust which has a low mineral content and a high weight number ratio (Carver et al., 1962) .
Although the different film readers vaiied in the level at which they recorded category 1 simple pneumoconiosis there was fortunately surprisingly general agreement as to the magnitude of the difference in amount of simple pneumoconiosis between the category boundaries. This finding has increased the validity of the analysis of this group of lungs using a large number of readers. It is also a validation of the use of a number of independent readings of a film which are then averaged to place the film more precisely on the continuum of radiological abnormality.
These studies could now be usefully carried further by looking at lungs in the early stages of simple pneumoconiosis and for which dust measurements and serial x-rays have been obtained during the last 10 to 15 years. Opportunities for doing this should be available in the N.C.B. Pneumoconiosis Field Research scheme.
